Metabolomics applications of differential mobility spectrometry (DMS)-mass spectrometry (MS) have largely concentrated on targeted assays and the removal of isobaric or chemical interferences from the signals of a small number of analytes. In the work reported here, we systematically investigated the application range of a DMS-MS method for metabolomics using more than 800 authentic metabolite standards as the test set. The coverage achieved with the DMS-MS platform was comparable to that achieved with chromatographic methods. High orthogonality was observed between hydrophilic interaction liquid chromatography and the 2-propanol-mediated DMS separation, and previously observed similarities were confirmed for the DMS platform and reversed-phase liquid chromatography. We describe the chemical selectivity observed for selected subsets of the metabolite test set, such as lipids, amino acids, nucleotides, and organic acids. Furthermore, we rationalize the behavior and separation of isomeric aromatic acids, bile acids, and other metabolites.
Introduction
In October 2017, the search term Bion mobility spectrometry( IMS) yielded more than 4500 results in SciFinder. More than 55% of these publications also deal with mass spectrometry (MS). Over the past few years, the popularity of this technique and its application in metabolomics have been boosted by the commercialization of integrated IMS-MS platforms based on traveling wave IMS, drift tube IMS, and differential mobility spectrometry (DMS) [1, 2] .
The DMS cell consists of two parallel electrodes located in the atmospheric pressure region of the mass spectrometer between the ion source and the vacuum interface. The trajectories of ions entering the cell are altered by a strong electric field between the two electrodes (separation voltage, SV), causing the ions to be neutralized at the electrodes. The compensation voltage (COV; sometimes also abbreviated as BCV^) is a compound-specific voltage that, when superimposed on the SV, restores the respective ion trajectory and allows the ion to migrate through the DMS cell and into the mass spectrometer. DMS selectivity can be enhanced by the introduction of chemical modifiers that are infused into the DMS cell and engage in clustering-declustering processes with the analyte [3] . DMS in particular has been effectively used in applications involving carbohydrates [4] [5] [6] , lipids [7, 8] , drugs [9, 10] , and other metabolites [11] [12] [13] . In most of these applications, the DMS-MS system is coupled to a high-performance liquid chromatography (HPLC) separation system, and the number of analytes ranges between two and ten. For such applications, method development is focused on identifying conditions under which the targeted analytes migrate at distinct COVs, thus allowing them to be detected and analyzed by MS without interference from chemical noise or co-eluted isobaric compounds.
Despite several success stories concerning DMS in metabolomics, the application range of this technique is not fully understood. Systematic studies investigating the metabolome selectivity of DMS are required. Relating the findings to HPLC results will help to fully realize the potential of DMS for increasing the selectivity and efficiency (speed, peak capacity) of current assays. Importantly, we must assess its utility for nontargeted applications. We envision both the development of Bhyphenated,^multidimensional separations involving HPLC, DMS, and MS and the potential of applying DMS as a stand-alone technique to separate metabolites before MS detection.
In this study, we evaluated the behavior of a diverse set of metabolites using a generic DMS-MS method and a library of 808 authentic standards [14] . We determined the test set coverage in positive and negative ionization mode and probed the relationship between COV and HPLC retention factors. We attempt to describe and rationalize the chemical selectivity of the DMS-MS platform for a variety of library subsets, such as lipids, amino acids, and nucleotides. Finally, we present selected isobaric separations that were achieved with 2-propanol as the modifier.
Materials and methods

Chemicals and solvents
Liquid chromatography-MS grade solvents acetonitrile, methanol, 2-propanol, and water were purchased from Millipore and Sigma-Aldrich (St Louis, MO, USA). Eight hundred eight metabolite standards were purchased individually from commercial suppliers. Every standard was assigned to a subgroup according to its chemical properties. The groups were (number of metabolites in parentheses) organic acids (193), lipids and related compounds (144), phosphatecontaining metabolites (91), amino acids (84), amines (61), (poly)alcohols (39), carbohydrates (33), nucleosides (31), sulfates and sulfonates (11) , and Bnot defined^(122). For DMS-MS analysis, we prepared library samples by equally distributing the groups between 20 mixtures so that every sample contained (1) at least one representative of each group and (2) only nonisobaric compounds. The final mixtures contained between 36 and 42 compounds at approximately 25 ng/μL in acetonitrile-water (80:20 v/v) [14] . Samples were stored at -20°C until analysis.
Instrumentation
The DMS-MS experiments were performed with a TripleTOF 5600+ quadrupole time-of-flight mass spectrometer (Sciex, Framingham, MA, USA) equipped with an electrospray ionization source and SelexION DMS cell. 2-Propanol was used as the chemical modifier and introduced with the curtain gas flow. A Shimadzu Nexera X2 ultrahigh-performance liquid chromatography system with dual pumps, a degasser, and a thermostated autosampler (4°C) was coupled to the mass spectrometer to perform automated sample introduction and provide a homogeneous flow of the binary solvent mixture. Solvent A was water (50 mM NH 4 OAc) and solvent B was acetonitrile. Unless otherwise noted, direct infusion experiments were conducted by our injecting 40 μL of sample into a liquid chromatography flow of 20 μL/min (75% solvent B) and collecting MS data for 3 min after a wait time of 30 s.
For the COV ramping experiments, the sample was continuously infused at SV = 3.0 kV while the COV was increased in steps of 0.33 V/s (BCOV ramp mode^). The modifier concentration in the curtain gas was 1.5%, and the resolution enhancement (Bthrottle^) gas was injected at a rate of 26 (arbitrary units). A range of 60 V (-50 to 10 V) was covered in 3 min. MS data were acquired continuously in time-of-flight scan mode. The compound-specific COVs were determined from the peak apex of the main peak in the extracted ion trace of the ionograms (Fig. S1 ).
Each injection was followed by a 2-min wash step at 200 μL/min to prevent carryover. The necessary flow rate and duration of the wash step to ensure that no remaining sample was present in the lines had been determined in previous experiments (data not shown). To prevent electric discharge due to contamination of the DMS cell, the electrodes were cleaned as suggested by the manufacturer between the positive and negative mode runs. Briefly, the cleaning steps included use of abrasive powder and water, sonication in methanol, and drying in a stream of nitrogen.
Data acquisition and analysis
AB Sciex Analyst version TF 1.7.1 and AB Sciex PeakView version 2.2 were used to control the instrument and perform data evaluation. Additional data analysis was performed with Microsoft Excel 2016 and IBM SPSS Statistics version 24.0.0.0. For statistical analyses, the probability thresholds are 0.05 unless otherwise noted.
Pearson's correlation analysis was used to investigate correlations between variables. Analysis of variance with Bonferroni post hoc correction for multiple comparisons was used to compare mean values between metabolite groups. Molecular descriptors were retrieved from the Human Metabolome Database [15] and the Chemical Abstracts Service online repository of the American Chemical Society (accessed via https://scifinder.cas.org) between November 2015 and November 2017, and represent calculated values. HPLC reference data can be obtained from the supplementary information in [14] .
Results and discussion
Application range and general observations
Coverage
The first objective of this study was to determine the application range and metabolite coverage of a DMS-MS platform under conditions not optimized for any particular separation. In positive mode, optimum COVs were determined for 529 metabolites. This equals a test set coverage of 65%, and is comparable to the coverage of HPLC methods [11] . Metabolites with two or three adducts accounted for 499 of 1021 COVs determined in positive mode. All four major adduct types (H + , Na + , NH 4 + , water loss) were detected for 55 metabolites (Fig. 1a) . Four hundred ninety-four COVs were determined in negative mode, with 369 originating from deprotonated species and 127 from chlorine adducts. The overall coverage was 407 metabolites, or 50% of the test set.
Peak capacity and COV spread
For this experiment, the theoretical peak capacity was 30, based on a scanned COV range of 60 V and an average peak width at half maximum of 2.0 V. The real peak capacity in negative mode was 22, based on the distance between the maximum and minimum observed COV. The separation was less efficient in positive mode (peak capacity of 18). Peak widths were identical, and the peak capacity difference was accounted for solely by a 20% decreased COV range in positive mode (36 V vs 44 V in negative mode).
Adduct types
The COV optima determined in positive mode are plotted against the accurate mass of the neutral metabolites in Fig.  1b . The COV increases with molecular mass in a nonlinear fashion (R 2 < 0.2 as determined by linear regression). Nonobvious but statistically significant differences were observed in the COV ranges covered by the four adduct types H + , Na + , NH 4 + , and water loss in positive mode (ANOVA, p < 0.05). Significant COV differences were also observed between COVs of individual adducts derived from the same compound in paired t tests (data not shown). For example, M + H adducts tended to have lower COVs than the corresponding ammonium adducts, potentially due to the higher mobility of the smaller proton adducts in the DMS cell. To avoid confounding results originating from heterogeneous adduct formation, the following discussions are limited to single adduct types.
Correlations between compensation voltage and high-performance liquid chromatography retention factors
We compared the DMS-derived COV optima with the HPLC retention factors for the same compounds, including both reversed-phase (RP) and hydrophilic interaction liquid chromatography (HILIC) methods [11] . A high correlation indicates high orthogonality of the two Fig. 1 Test set coverage achieved with the differential mobility spectrometry-mass spectrometry platform in positive ionization mode: a 1021 compensation voltages (COVs) were determined, corresponding to 529 metabolites; b distribution of adduct types across the positivemode separation space separation mechanisms. We postulate that the biggest benefit when one is looking to increase the peak capacity of a separation would come from coupling the DMS separation with an HPLC method that has a low correlation coefficient.
On the basis of 135 metabolites for which all relevant data were available, we discovered strong positive correlations between the positive-mode DMS behavior and RPbased retention (Table 1) . Similar results were obtained for the negative-mode DMS separation (183 metabolites). This finding is in agreement with previous studies, which suggested that the application of 2-propanol as the modifier enhances contributions from hydrophobic (dispersive) interactions to the gas-phase mobility. It is conceivable that the similarities between RP-type retention and DMS behavior arise from the closely related, noncovalent interaction between the analyte and alkyl chains or modifier/ solvent molecules, respectively, in RP and DMS environments. The well-known influence of ionic additives on RP-type retention might be mirrored in the DMS behavior. Ionic additives could mask an analyte's charge and enhance clustering with the modifier, thus leading to a larger reduction in low-field mobility and, consequently, more negative COVs compared with the free analyte.
This study did not involve systematic investigations of different additive types, but the aforementioned COV differences observed between different adducts of the same analyte (see BAdduct types^) seem to corroborate this hypothesis.
Weaker correlations indicating a higher degree of orthogonality were observed between the DMS method and the zwitterionic HILIC method. A sulfobetaine-based HILIC separation would be the most promising candidate for increasing HPLC peak capacity with use of DMS in either ionization mode. The question whether a negative correlation (e.g., phosphatidylcholine/positive-mode DMS) indicates the opposite (detrimental effect of DMS separation on HPLC separation) will be investigated in an upcoming study.
Correlations between compensation voltage and molecular descriptors
We proceeded to investigate the correlations of the measured COV optima with the molecular descriptors accurate mass M, octanol-water distribution coefficient logP, acid/base dissociation constants pK a of the most acidic and most basic groups, hydrophilicity logD, and polarizability α. Probing these correlations for a large set of analytes will help in understanding and, importantly, predicting the DMS processes contributing to the observed mobility. Recent research suggests that DMS data could be used to predict physical properties of drug candidates [16] . Table 2 For positive-mode data, statistically significant correlations with COV were found for α, M, pK a of the most basic group, and logP, with correlation significance and coefficients differing between ion types. For example, proton and sodium adducts show a strong positive correlation of COV with polarizability, whereas this correlation is notably weaker in ammonium adducts. Regardless, the overall most significant correlations with observed COV were found for polarizability. This was true for both positive mode and negative mode. The observed positive correlations mean that higher polarizability was associated with a COV closer to zero (the observed COV range was between -40 and 10 V).
Polarizability, which was found to correlate with the migration order of isomeric bile acids (see later), quantifies a molecule's ability to respond to external electrical fields by forming instantaneous diploes through a displacement of electrons within the molecule. The higher the polarizability, the easier it is to induce the formation of a transient electric dipole by application of an electric field. It is not known if the SV would cause a greater deflection for an analyte with a tight electronic structure compared with a highly polarizable one. In the case of bile acids, the observed separation could also be the result of differences in ionization state or localization between the isomers. Selectivity of the differential mobility spectrometry platform for chemically related metabolites
The next analysis level consisted of our comparing the DMS behavior of chemically related compounds to elucidate which structural properties drive their separation. Only protonated and deprotonated species are discussed.
Lipids and related compounds
The DMS system was previously shown to facilitate class separations of complex (phospho)lipids [7, 8] , and a lipidomics platform based on DMS-MS/MS has been commercialized (international patent WO/2016/125120).
It is therefore not surprising that this highly hydrophobic metabolite class was successfully addressed by DMS. This was especially true in negative mode, where 43% of the lipids in the test set were detected (deprotonated molecules only).
The hydrophobic compounds were assigned to three subclasses for data evaluation: aliphatic (fatty) acids; complex lipids, including phospholipids; and steroids. As shown in Fig. 2 , the three groups occupy different ranges of the separation space. The optimum COVs increased from aliphatic acids to steroids to complex lipids. A strong correlation was observed between negative-mode COV and polarizability (R 2 = 0.50). The COV ranges for the hydrophobic subgroups were consistent in positive mode and negative mode (Fig. S3 ). This is not necessarily trivial, as lipid ionization depends on the head groups. This typically leads to certain classes being overrepresented in positive mode, whereas others are accessible to analysis only in negative mode. For example, phosphatidylcholines could be detected in positive mode as well as in negative mode; on the other hand, free fatty acids were detected only in negative mode.
Aliphatic acids were spread out over a larger COV range than the other two groups, with dicarboxylic acids exhibiting the overall lowest COVs. Generally, the COV increased with chain length. For fatty acids with carbon numbers 6-24, we determined that an additional methyl group was associated with a COV increase of 1.46 V (linear regression, p < 0.001). Compared with the saturated and straight-chain compound, analogously to the retention time in RP-HPLC, a double bond or branching decreased the COV, although this effect was not typically sufficient for baseline resolution by DMS.
Steroids and related compounds showed intermediate COVs in accordance with their large hydrophobic scaffold and relatively small electronegative substituents. The complexity of the structures involved and nonobvious selectivity increments prevented us from establishing a universal rule for the migration order. For example, the keto-substituted steroid hormone estrone was not separated from its hydroxysubstituted analogs (α -estradiol, β-estradiol, 2-methoxyestradiol) or from cortisone and its derivatives. On Table 2 Pearson's correlation coefficients indicate adduct-dependent influence of acid/base chemistry, hydrophobicity, and polarizability on differential mobility spectrometry behavior Complex (phospho)lipids migrated at COVs close to zero i n n e g a t i v e m o d e . T h e i r m i g r a t i o n o r d e r , lysophosphorylethanolamine < phosphatidylcholine < phosphatidic acid < diacylglycerol, was consistent with RP-HPLC separations and corresponds to the polarity of the head group [7] . Again, a correlation between carbon number and COV can be observed. However, because of the small number of phospholipids per class in the test set, the intraclass spread due to the carbon number is not well reflected. Thus, definitive statements regarding the COV range of each class could not be made.
The test set also included members of the acyl coenzyme A family. Comparing their COVs, we observed that the shortchain coenzyme A species bearing malonyl and glutaryl residues were well separated. However, it was surprising that glutaryl coenzyme A co-migrated with long-chain lauroyl coenzyme A. This finding contradicts to some extent the notion that higher hydrophobicity corresponds to a higher COV, as was observed for aliphatic acids (see earlier). As an alternative explanation, malonyl coenzyme A could be subject to enol formation on account of its highly acidic α hydrogen atoms. The other acyl coenzyme A species are not as likely to undergo the same transformation as they lack this structural feature. This hypothetical enol formation might lead to malonyl coenzyme A having ionization properties different from those of the other two species, resulting in different COVs. Unfortunately, the low number of acyl coenzyme A species in the test set prevented further investigation of this aspect. However, C 3 -acyl coenzyme A and C 12 -acyl coenzyme A were barely separated from other acyl coenzyme A species in positive mode, which probably indicates a shift in the gasphase behavior of the protonated versus deprotonated analytes.
Organic acids
Because of their acidic nature, only about ten protonated benzoic and phenylacetic acids were detected in positive mode, and their migration order could not be rationalized. In negative mode, however, aromatic and aliphatic organic acids were divided into two distinct clusters (Fig. S4) . Acids in the larger cluster (BA^) had a COVof less than -10 V, whereas the smaller cluster (BB^) consisted of acids with a COV between -10 and 0 V. The aromatic acids in cluster B were salicylic acid and mandelic acid as well as heterocyclic 4-pyridoxic acid and orotic acid. Aliphatic acids in the same cluster included malic acid and long-chain fatty acids (see BLipids and related compounds^). Principal component analysis of the available solute descriptors (polarizability, acid/base constants, logP, logD, and m/z) did not yield a definitive answer as to the origin of this clustering pattern for either the aromatic acid class or the aliphatic acid class, neither did a reduced principal component analysis using only polarizability, acid constant, logD at pH 7, and m/z. It is possible that, again, tautomerism or different protonation sites play a role, as might the nature of the chemical modifier. Previous publications demonstrated that the COV of phospholipids becomes more negative with increasing polarity of the head group and less negative with increasing chain length [7] . As indicated already, the latter observation is replicated here in the increasing COV observed for aliphatic carboxylic acids. Their COV increases almost linearly with chain length (R 2 = 0.747, adjusted for COV and logP). Dicarboxylic acids follow the same trend but are shifted downfield toward more negative COVs, potentially because of enhanced cluster formation with the organic modifier.
Amino acids
In positive mode, polar and charged protonated amino acids such as lysine and hydroxyproline migrated at lower COV than their more hydrophobic counterparts (Fig. 3) . The optimal COVs for nonpolar, proteinogenic amino acids increased with increasing hydrophobicity of the side chain in the order alanine < valine~methionine < leucine < tyrosine~phenyl-alanine. The hydrophobicity-driven migration order was even more pronounced in negative mode, where the COVs increased continuously from alanine to tryptophan. Generally, the COVs were shifted downfield in negative mode. This means that the deprotonated species required a larger (more negative) COV to restore their trajectories, which could be related to the relative size of protonated versus deprotonated species. However, a connection to the relative ability to form clusters with 2-propanol seems more likely.
Aminocarboxylic acids having polar side chains migrated at lower COVs than those with hydrophobic side chains. Looking at the entirety of the amino acids and derivatives in the test set, one can observe the emergence of low-and highhydrophobicity trend lines (Fig. S5) .
In negative mode, N-derivatized species fell into the COV range between free, moderately to nonpolar amino acids and highly hydrophobic amino acids (derivatives) such as triiodothyronine. The derivatives are both larger and more hydrophobic than their free analogs. Consequently, their mobilities are lower and the COVs required for their transmission are closer to zero. This effect seems less pronounced for hydrophobic amino acid derivatives [(tert-butyloxycarbonyl)leucine, (tertbutyloxycarbonyl)phenylalanine)] compared with charged ones such as N-methylated glutamic acid.
Nucleobases
DMS exhibited positive-mode selectivity toward nucleobases that seemed linked to the underlying heterocycle.
Free pyrimidine bases were not detected, and the protonated pyrimidine nucleosides cytidine and deoxycytidine were not separated under our experimental conditions. Purine bases and nucleotides, however, were among the isobaric compounds with the highest resolution observed in this study (see BSelected separations of isomeric metabolites^). The position of the substituent on the heterocyclic scaffold appeared to play a key role in these separations. We observed that the pyrimidine-substituted methylxanthines co-migrated with protonated guanine. Guanine also possesses pyrimidine substituents (namely, an amino and a keto group) and lacks substituents on the imidazole ring. (It is worth noting that the methylxanthines are present in sodiated form, whereas guanine was detected as the proton adduct.) Together with hypoxanthine, which has a hydroxyl substituent, the nucleobases with amphoteric character were clearly separated from adenine, which completely lacks acidic functionalities. The resolution between amino-substituted adenine and its hydroxyl analog hypoxanthine was determined to be R DMS = 1.58. On the basis of recent literature [17] , it is likely that tautomerism contributes to the DMS behavior of nucleobases and their derivatives. Untangling the individual contributions from these factors was outside the scope of this study, even though we observed multiple peaks in some cases (see later).
Nucleosides
Protonated purine nucleosides were clearly separated into two groups by DMS: the first group (COVs between -17 and -7 V) consisted of deoxyinosine, 5'-deoxyadenosine, 2'-deoxyguanosine, inosine, and guanosine; the second group (COVs between -28 and -25 V) consisted of 2'-deoxyadenosine, adenosine, and 1-methyladenosine. 5'-deoxyadenosine, whose main peak was assigned to the first group, produced another, smaller peak in the COV range corresponding to the second group. This could indicate the presence of a second isomer, possibly a conformer, of this nucleoside. Clearly, the migration differences are related to the chemical nature of the pyridine modifications. All nucleosides in the second group bear only nitrogen-containing substituents, whereas those in the first group (also) contain hydroxyl and keto groups. Potentially, conformational preferences specific to each substitution pattern play a role in this clustering. The relative orientation of purine and sugar moieties can vary for each nucleotide (syn and anti conformations, anti is typically preferred). Both steric constraints and polar or hydrogen bond interactions might play a role in creating the mobility differences between the two groups. The two distinct peaks observed for 5'-deoxyadenosine could be related to its lack of a primary hydroxyl group at position 5 of the sugar. The lower degree of steric hindrance could lead to greater ambiguity regarding the relative orientation of the nucleobase and sugar or the orientation of the glycosidic bond. The two peaks might correspond to two differently Bshaped^conformational isomers of this analyte.
In negative mode, deprotonated 1,3-and 1-7-dimethylurates migrated at a lower (more negative) COV than triply methylated caffeine, in accordance with their lower hydrophobicity. Paraxanthine co-migrated with dimethylurate. Its isobaric compound theobromine, however, produced a double peak, likely due to tautomeric conversion.
The deprotonated purine nucleosides guanosine and inosine migrated at slightly lower (more negative) COVs than their deoxy analogs. Adenosine, however, co-migrated with both its methylated form (1-methyladenosine) and both deoxy species (2'-deoxyadenosine and 5'-deoxyadenosine). Overall, the keto groups of the guanosine and inosine derivatives caused these species to migrate at a lower COV than the adenosine derivatives which lack this group. This reversal of the migration order compared with that obtained in positive mode could be used to enhance specificity for critical separations.
Phosphate-containing metabolites (nucleotides, sugar phosphates, complex lipids)
In negative mode, significant COV differences were observed between phospholipids, nucleotides, and sugar phosphates. This result, shown in Figs. 4 and S6, could be extremely useful for confirming metabolite identity after assignment of a molecular formula on the basis of accurate mass.
In positive mode, we observed a trend toward higher (closer to zero) COVs with increasing m/z and increasing number of phosphate groups for nucleotides. Monophosphates occupied the COV space below -12 V, whereas diphosphates and triphosphates migrated at COVs between -5 and -10 V. The determining factor in this separation seemed to be molecular size. Larger molecules are likely harder to divert from their initial trajectory and require less negative COVs to restore their path through the DMS cell. The higher degree of rotational freedom and the higher polarizability of diphosphates and triphosphates might also be significant contributors to this result.
We did not observe selectivity for monophosphonucleotides versus diphosphonucleotides or triphosphonucleotides in negative mode. However, nucleotides derived from the same base were clustered together in a plot of m/z versus COV (Fig. S6c) . The median COVs increased in the order cytosine < guanine < adenine < uracil (thymine). Linear regression suggested a strong correlation (adjusted R 2 = 0.86) of the COV with molecular mass, pK a of the most acidic group, and hydrophilicity (logD at pH 3).
The negative ionization mode also facilitated the detection of several nucleotide sugars. These highly polar compounds migrated at COVs closer to zero than the respective nucleotides. In particular, nucleotide glucosamines were among the metabolites with the highest observed COVs (translating to lowest mobility) in this study. This result indicates a particularly high affinity for the modifier 2-propanol.
Among the phosphorylated compounds, sugar phosphates exhibited the lowest (most negative) COVs. Isobaric glucose 1-phosphate and glucose 6-phosphate were not baseline separated, but selectivity was slightly higher for this pair than for glucose 6-phosphate and mannose-6-phosphate. This reflects the large influence that the conjugation site (glycosidic bond at position 1 vs position 6) has on the overall molecular shape and thus the mobility. Compared with this, the inversion of a stereocenter (glucose vs mannose) has less of an effect on overall mobility.
Sugar phosphates migrated in a similar COV range as nucleotides, corroborating the notion that the highly polar, free phosphate groups play an important role in the DMS behavior of those compounds. For example, we observed that phosphatidic acid, a complex lipid with a free phosphate group, has a relatively low COV compared with other phospholipids. However, it still migrated at a COV closer to zero than any nucleotides or sugar phosphates investigated in this study because of its relatively high lipophilicity.
Selected separations of isomeric metabolites
After studying the test set coverage and the behavior of chemically similar metabolites, we proceeded to identify successful separations of isomeric compounds achieved by DMS. Separating isomers before MS detection is currently the most widespread application of DMS in metabolomics. However, most studies are conducted in a targeted fashion and deal with optimizing separation conditions for a small number of metabolites (typically two to five). Here, we used generic separation conditions to gain a better understanding of the range of isomer separations that can be achieved with a single method. In addition, we sought to identify structural features that facilitate successful isomer separations.
As a quantitative measure, the DMS resolution R DMS was defined as the distance between two peak maxima in units of average peak width w:
,where w is twice the average peak width at half maximum (4 V).
Under the experimental conditions, baseline resolution (R > 1) was achieved when the COVs of two isomers differed by at least 4 V. In positive mode, full separation of two isomers was observed in 7 of 13 isomer groups. In negative mode, isomers were baseline resolved in five of ten isomer groups (Table S1 ). Selected separations are summarized in Table 3 and are discussed below. Corresponding ionograms are shown in Fig. S7 .
We detected multiple peaks for some purine derivatives (e.g., theobromine; see BNucleobases^). Peak splitting of protonated nucleobases has been observed before, and was attributed to the presence of multiple tautomeric forms of the same molecule [17] . However, the methylxanthines investigated in this study produced single peaks, and could therefore be regarded as present in only one tautomeric form. 3-Methylxanthine and 7-methylxanthine co-migrated at a significantly lower (more negative) COV than 1- methylxanthine. The methylxanthine migration order corresponded to the position of the respective methyl groups on the purine scaffold: 3-methylxanthine and 7-methylxanthine are both pyrimidine substituted, whereas the methyl substituent in 1-methylxanthine is located on the imidazole ring.
Another successful positive-mode separation involved the isomeric purine nucleosides adenosine (COV = -27.8 V) and 2'-deoxyguanosine (COV = -14.9 V). The corresponding resolution (R DMS = 3.45) was among the highest observed in this study, and could arise from conformational differences between the 2-hydroxylated nucleoside adenosine and the dehydroxylated analog. (see BNucleosides^), it is likely that the two nucleosides prefer different relative orientations of the carbohydrate and pyrimidine moieties. The resulting difference in molecular shape could cause differential clustering properties, mobility differences, and ultimately, isomer resolution.
2'-Deoxyadenosine (COV = -26.3 V) and 5'-deoxyadenosine (COV = -11.3 V) were also separated, with a high R DMS of 3.75. In this case, a second peak was observed for 5'-deoxyadenosine at -25 V. This suggested the presence of a second entity whose DMS behavior resembles that of 2'-deoxyadenosine. The absence of a primary hydroxyl group might allow 5'-deoxyadenosine to assume a conformation resembling the one preferred by 2'-deoxyadenosine. The syn orientation of pyrimidine and sugar, which is energetically unfavorable under standard conditions, could become more feasible inside the DMS cell. This hypothesis is supported by the fact that 2'-deoxyguanosine produces a small secondary peak that corresponds to a species that co-migrates with adenosine. It is possible that the main peak of 2'-deoxyguanosine represents the anti conformer (preferred because of steric hindrance of the methyl group), whereas the secondary peak indicates that the disfavored syn conformer is present at a much lower ratio.
Protonation at different sites can lead to multiple peaks for 4-aminobenzoic acid [18] . On the basis of this interesting phenomenon, we extracted MS traces for three aminohydroxybenzoic acids (AHBAs) with different substitution patterns (2,3-AHBA, 3,5-AHBA, and 3,4-AHBA). Even though the acids were detected as sodium adducts rather than proton adducts, we observed small secondary peaks (below 15% of the height of the main peak) for all three AHBAs in positive mode.
As they all showed one predominant peak, it was possible to determine isomer resolutions for the AHBAs: 3,4-AHBA showed R DMS = 2.20 and 2.95, respectively, from its two analogs. 2,3-AHBA and 3,5-AHBA were not fully baseline resolved from each other (R DMS = 0.75). In this separation, the selectivity arises from the relative position of the substituents on the ring. 3,4-AHBA was the only para-substituted isomer. In the other two isomers, substituents were located in ortho and meta positions relative to the carboxylic acid, which is likely to alter the ability to form clusters with 2-propanol and, consequently, lower the ion mobility in comparison with 3,4-AHBA. Another level of explanation might be offered by the protonation-deprotonation properties of the AHBAs' substituents. The acid/base chemistry of aromatic compounds is influenced by resonance stabilization and could cause AHBAs to become protonated at the hydroxyl group rather than the amine. As shown by Campbell et al. [18] , the protonation of a carboxyl group can dramatically alter the COV of an aminobenzoic acid. It is reasonable to assume that such an effect also exists for the AHBAs, especially considering that secondary peaks were visible in their extracted ion chromatograms.
Secondary peaks complicated the interpretation of data for many compounds. Examples included the phenolic acid derivatives 3,4-dihydroxyphenylacetic acid (dopacetic acid, DPA), 2,5-dihydroxyphenylacetate (homogentisic acid, HGA), and 2-hydroxy-2-(3-hydroxyphenyl)acetic acid (mhydroxymandelic acid, HMA). Catechol-derived DPA showed a single peak at -13.3 V, whereas the main peaks of HGA and HMA were shifted to lower and higher COVs, respectively. In addition, the extracted ion chromatograms of the latter two compounds showed additional, overlapping peaks with relative intensities of 95% and 25% (HGA) and 26% (HMA) of the main peak. The species corresponding to the second-highest peak of HGA co-migrated with HMA. We suspect that the overlapping peaks of HMA and HGA originate from the protonation of the meta hydroxyl groups. For HGA, the para hydroxyl and meta hydroxyl groups are roughly equivalent, which might explain why this species shows only one peak. The lower-intensity peaks of HGA and DPA could be related to protonation of a secondary site, possibly supported by tautomeric conversion or resonance stabilization across the aromatic ring.
In negative-ionization mode, we observed high selectivity for organic acids and lipids (see BSelectivity of the differential mobility spectrometry platform for chemically related metabolites^). However, the resolution of 2-and 4-substituted quinolinecarboxylic acids was only 0.98 (no baseline separation). On the other hand, we observed R DMS = 1.95 for the medium-chain carboxylic acids 2-ethylhexanoic acid and caprylic acid. Both were detected as chlorine adducts. Even higher selectivity (R DMS = 3.70) was observed for the dicarboxylic acids 3-methyladipic acid and pimelic acid. In both cases, one isomer was branched (2-ethylhexanoic acid and 3-methyladipic acid) and the second had a straight hydrocarbon chain (caprylic acid and pimelic acid). Clearly, the excellent resolution is a result of the substantial differences in molecular shape between the straight-chain and branched compounds. In both cases, the straight-chain species migrates at a higher (closer to zero) COV. This could indicate a lower tendency to form clusters with the modifier 2-propanol and higher similarity of high-and low-field mobilities. It is also conceivable that the more extensive molecular shape of the straight-chain species compared with the more compact branched analogs decreases their gas-phase mobility.
Finally, we investigated the migration order of isomeric bile acids differing only in the location of a single hydroxyl group on their steroid scaffold (Fig. 5a) . We observed the following migration order: deoxycholic acid, chenodeoxycholic acid, hyodeoxycholate. In this separation, the COV is correlated to the predicted polarizability of the bile acids (black, red, and blue traces in Fig. 5) . In other words, the more polarizable bile acids exhibited higher (closer to zero) COVs. One interpretation of this result is that as the most polarizable of the three, hyodeoxycholate responds to the oscillating SV with internal electron displacement before its trajectory through the cell is affected. Less polarizable deoxycholate and chenodeoxycholate experience increased deflection from their original trajectory in response to the oscillating field (see also BCorrelations between compensation voltage and molecular descriptors^).
The migration order of glycyl-conjugated deoxycholic acid and chenodeoxycholic acid corroborated our hypothesis (purple and orange traces in Fig. 5 ). The more polarizable glycyl-conjugated chenodeoxycholic acid migrated at higher COV than the less polarizable glycyl-conjugated deoxycholic acid. In this context, it is worth noting the considerable chemical selectivity of DMS for the glycyl conjugates (average COV -12.50 V) versus the unconjugated bile acids (-6.33 ± 2.40 V). Note also that the polarizability of the bile acids is lower than that of the conjugates. Nonetheless, the conjugates show significantly lower COVs, presumably due to increased modifier clustering driven by hydrophobic interactions. Alternative explanations for the observed migration order include the position of the charge on the bile acid (derivatives) and steric effects restricting clustering with the modifier.
Conclusions and outlook
In this study, we aimed to investigate the application range and selectivity of a generic, 2-propanol-based DMS separation for metabolomics. To this end, we determined the optimum COVs for more than 500 metabolites in both ionization modes from a library containing 808 authentic standards. We found that the COVs were highly correlated with retention factors in RP-HPLC, which suggests that hydrophobic interactions, likely facilitated by ion-pairing processes, could be involved in DMS separation. HILIC-based HPLC appeared to be more orthogonal to the DMS technique used, and therefore appears promising for increasing the peak capacity in Bhyphenated^separations.
As is evident from the diversity of metabolites that were successfully detected after DMS separation in our study, the DMS-MS platform has an exceptionally broad application range. Our efforts to rationalize the observed separations of chemically related analytes such as lipids, amino acids, and phosphate-containing molecules will help researchers to select promising application areas and target analytes for method optimization and HPLC-DMS-MS coupling. For example, the isomer separations of benzoic acid derivatives and nucleotides suggest that DMS might be a useful tool for studying drug metabolism or screening candidate biomarkers.
Future studies will need to focus on extending these observations toward application of the DMS platform in and beyond its current role in targeted metabolomics.
